The response of surface ozone concentrations to decreases in ultraviolet (UV) radiation that are expected from the recovery of stratospheric ozone by the end of the twenty-first century is examined with the regional WRF-Chem model. The study is performed over the continental United States for the summer of 2010 at 12 km horizontal resolution which, compared to previous studies, allows a better separation of chemical regimes that exhibit opposite responses to UV radiation changes. Our results show that on the regional scale, surface ozone is expected to increase by 0.5 to 1 ppb due to its slower destruction, while the opposite can be seen in the vicinity of some urban centers where ozone concentrations could decrease by up to 1 ppb due to its slower photochemical production. Geographic overlay with population shows however a relatively small net increase in exposure of0
INTRODUCTION
The transmission of ultraviolet (UV) radiation through the stratosphere is an important regulator of tropospheric chemistry. Ground-level ozone (O 3 ) is one product of this chemistry, formed when mixtures of nitrogen oxides (NO X ) and volatile organic compounds (VOCs) are exposed to solar UV radiation.
1,2 The health effects from exposure to ozone are widely recognized 3, 4 and have led to regulation that improved air quality in some locations, while other locations continue to show worsening conditions. 5, 6 Future concentrations of ground-level ozone will depend strongly on future changes in VOC and NO x emissions as well as temperature, as already suggested by numerous studies, 7, 8 but the effects of changes in UV radiation caused by stratospheric ozone recovery must also be quantified and superimposed.
Stratospheric ozone in recent years (2008) (2009) (2010) (2011) (2012) has been lower than preindustrial (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) values by several percent at midlatitudes of both hemispheres, but full recovery is expected by the middle of this century and may reach even higher values (superrecovery) due to interactions with changing concentrations of greenhouse gases. 9 Associated with this recovery, lower levels of tropospheric UV radiation are expected. 10 Changes in UV radiation will in turn influence future surface ozone concentrations. Liu and Trainer 11 noted that both production and loss of tropospheric ozone increase when UV radiation is increased, using a relatively simple box model. Thompson et al. 12 used a one-dimensional model to reach qualitatively similar conclusions. More recently, a global modeling study by Zhang et al. 13 found that the UV decline upon recovery of stratospheric ozone to 1980 levels would lead to ubiquitous increases in ground-level ozone, of magnitudes that are not negligible in the context of understanding future background tropospheric ozone. They predicted an increase in summer time surface ozone concentrations by up to 0.25 ppb throughout the United States with the maximum increase found over the northwest. However, the spatial resolution of their model, 4 × 5 degrees, may be too coarse to discern changes at urban scales where much of the ozone production occurs.
RESULTS AND DISCUSSION
Here, we use the regional Weather Research and Forecasting with Chemistry (WRF-Chem) model with horizontal grid spacing of 12 km to examine the likely implications on air quality for the future stratospheric ozone recovery over the contiguous United States (CONUS), between current (average 2001-2011) and the end of the twenty-first century levels (average 2075-2095). Stratospheric ozone concentrations were taken from the simulations of the National Center for Atmospheric Research (NCAR) whole atmosphere community climate model (WACCM) that were performed for the Chemistry-Climate Model Initiative (CCMI 14 ). For the current day conditions, we used averaged stratospheric ozone concentrations for 2001-2011, and for the future "stratospheric ozone recovery" conditions, we averaged model outputs for 2075-2095. The expected increase in the stratospheric ozone column associated with the ozone recovery is shown in Fig. 1 for the summer months (June-August). It varies somewhat with latitude, and ranges from 4 to 5% at 25-35°N, and from 5 to 6.5% at 35-50°N.
An effect of stratospheric ozone recovery on human health is typically estimated through the ultraviolet index (UVI) which quantifies the potential for damage to the skin and eyes associated with UV radiation received at the surface. Figure 2 shows the change in the early afternoon (20-24 Universal Time Coordinated (UTC)) surface UVI which decreases by 5 to 8% over the CONUS with a strong gradient between 20°N and 50°N. The UVI was calculated by multiplying by 40 the erythemal irradiance that is predicted by the WRF-Chem model following McKinlay and Diffey. 15 The focus of our study is estimating the effect of changes in UV photolysis on O 3 formation at the surface. The UV photolysis of O 3 gives excited oxygen atoms O( 1 D), followed by reaction of these with water (H 2 O),
The net reaction R1 is a direct loss of O 3 , but the OH radicals produced in R1b can also initiate a sequence of reactions that generates O 3 if nitrogen oxides (NO x ) are present. This is illustrated with carbon monoxide, . The predicted percent increase in stratospheric ozone column due to expected ozone recovery is also shown (right plot) Fig. 2 The percentage difference in the early afternoon mean UV index between the control and stratospheric recovery model runs. Zonal inhomogeneity of the changes is due to slight differences in cloud cover between the two simulations 
Decreases in the rate coefficient of R1a (due to UV decreases associated with stratospheric O 3 recovery) therefore slow both production (via R4) and loss (via R1) of surface O 3 , the net being sensitive to the availability of NO x . VOCs can also contribute to O 3 formation and destruction, in analogy with the simple CO oxidation (R2), but typically with greater complexity including branched pathways, metastable intermediates and reservoir species, and radical chain termination reactions. Figure 3 shows the response of the chemical mechanism used here (see Methods) to reductions in J(O1D), for an air parcel initialized with urban conditions (high NO x ) and allowed to evolve for several days. Reductions in J(O1D) cause lower O 3 initially (Fig. 3a) , but with a crossover to higher values at longer time scales. The lower panel (Fig. 3b) shows that NO x values are in the range 0.5-1.0 ppb when the O 3 sensitivity to J(O1D) changes sign.
The transition from O 3 production to O 3 destruction depends sensitively on the chemical and physical environment, including NO x and CO (or hydrocarbons) concentrations, relative humidity, temperature, as well as UV irradiation. While the simplified mechanism (R1-R4) and Fig. 3 serve to illustrate the chemical concepts underlying this transition, accurate quantification over a specific region and time (e.g., summer time United States) requires a full chemistry-transport model including realistic emissions, transport and transformations, and deposition. Notably, while only two photolysis reactions (R1a and R4, with only the former being sensitive to stratospheric O 3 ) were discussed above, the WRF-Chem simulations include the effect of stratospheric ozone change on all photo-labile molecules (e.g., peroxides, carbonyls, nitrates) included in the MOZART 16 chemical mechanism. The response of the surface ozone photolysis coefficient J(O1D) to small changes in the overhead O 3 column can be seen from the normalized (logarithmic) sensitivity coefficient, defined as
where column_O 3 and J(O1D) are calculated for the current levels of stratospheric ozone, while ΔColumn_O 3 and ΔJ(O1D) represent the difference between the recovered and current levels. Thus, α is the percentage change in J(O1D) resulting from a percent change in total ozone column. The calculated sensitivity for J(O1D) is shown in Fig. 4 for the afternoon-averaged values, and ranges from −1.4 in the southern United States to −1.55 in the northern United States. These values are generally in good agreement with previous estimates (see, e.g., refs. [17] [18] [19] [20] , with earlier studies ca. 0.2 higher in absolute value (more sensitive) until recognition of the substantial UV-A tail in O( 1 D) quantum yields. 21 The sensitivity depends slightly on the slant ozone column, 22 which is evident in Fig. 4 , both as a latitudinal dependence and as a (small) longitudinal variation resulting from time-averaging over the 20:00-24:00 UT window (sampling slightly different ranges of solar zenith angles). Thus, with α in the range −1.40 to −1.55, relative decreases in J(O1D) are about 40-55% larger than the increases in the stratospheric ozone, and the corresponding decrease in J(O1D) ranges from 6 to 10% over the CONUS, with the largest perturbations found over the northern part of the domain. The sensitivities for other photolysis reactions are generally smaller, about −0.05, −(0.2-0.5), and −0.3 for NO 2 , CH 2 O, and H 2 O 2 , respectively (see Table 2 of McKenzie et al. 20 ). Changes in these photolysis coefficients were included within the model, but because of these lower sensitivities they were of minor importance relative to the changes in J(O1D). Figure 5b shows the change in ground-level ozone concentrations over CONUS resulting from the recovery of stratospheric ozone by the end of the century, via the decrease in tropospheric photolysis frequencies (primarily R1). Both positive and negative responses can be seen, with a general prevalence of increased ozone concentrations over most regions, as already found by Zhang et al. 13 , but also with improved air quality in the vicinity of some large urban centers. The increase in the regional ozone levels ranges from 0.2 ppb over north and northwest United States, to~0.5 over central United States and northern Mexico, and up to 1 ppb over the southeast United States and off the east coast. This is consistent with the fact that stratospheric ozone recovery would decrease the photochemical ozone destruction rates leading to a higher regional ozone background. This increase in regional ozone concentrations is also consistent with the previously discussed box model results (Fig. 3) . The decrease in surface ozone over urban areas of 0. Fig. 3 a Illustrative evolution of ground-level ozone concentration before (solid, black) and after a 20% (dashed, green) and 50% reduction in J(O1D), the photolysis coefficient for reaction O 3 +hν (+H 2 O)→2 OH+O 2 (R1). b Concentration of nitrogen oxides (NO x =NO+NO 2 ); note that when NO x falls below ca. 0.5-1 ppb, the sensitivity of O 3 to J(O1D) changes sign. Chemical evolution generated using a box model with the full MOZART gas-phase chemical mechanism 16 used in WRF-Chem (see Methods). The simulation is initialized using WRF-Chem for a typical Chicago grid cell with urban emissions for the first 5 h, then ran in a Lagrangian mode without emissions for several days urban areas including Miami, Houston, Denver, New York, and Boston. These negative changes are found in high-NO X urban regions where ozone production rates are the strongest, and where the stratospheric ozone recovery would decrease the photochemical ozone production rates as illustrated by the box model results in Fig. 3 . This decrease in ozone was not seen by Zhang et al. 13 probably due to insufficient horizontal resolution (4°× 5°) of their simulations to represent gradients in nitrogen oxides which strongly influence ozone chemistry. Figure 6a shows the distribution of average ground-level ozone (solid) and the change (hatched) upon recovery of the stratosphere. About 60% of the model grid points will undergo an increase in ozone between 0 and 0.5 ppb, while~35% will experience a larger increase of 0.5-2 ppb. Only~2% of grid points will experience a ground-level ozone reduction from stratospheric O 3 recovery.
To qualitatively assess the potential effect of the stratospheric ozone recovery on population exposure, the model ozone predictions were combined with gridded population data for 2005 (http://sedac.ciesin.columbia.edu). Figure 5d shows the change in surface ozone concentrations weighted by population density (with units normalized to the total population). This clearly shows the importance of ozone changes occurring in the most densely populated regions. A spatial contrast can be noted between the cities of the west coast that will experience a slight improvement in air quality and the cities located in the eastern parts of the country that will experience a degradation in air quality with the stratospheric ozone recovery, with the exception of some limited areas of Chicago, Denver, New York, Miami, and St. Paul. Figure 6b estimates the number of people in the United States who will be affected by a given change in ground-level ozone upon recovery of the stratosphere. A majority of the population will be exposed to higher levels of ozone, with~175 million people who will experience an increase of 0.5-1 ppb in ozone, and 35 million who will experience increases exceeding 1 ppb. About 10 million people will benefit from a decrease in ozone concentrations by up to 1 ppb. The CONUS-wide average for the stratospheric ozone recovery is~1% more ground-level ozone, and 0.4% more population-weighted ozone.
The calculations were repeated at 36 km model horizontal resolution and the results (see Fig. SI-1 and SI-2) are comparable within 10% to those obtained at 12 km resolution. In the coarse model simulation, the increase in surface O 3 caused by the recovery of stratospheric ozone is~5-10% larger over the southeast United States than in the 12 km simulation, i.e., second order on the UV-induced changes. In addition, urban reactivity is often NO X saturated so the NO X lifetime is moderately long, while in coarse resolution simulations the high local NO X concentrations are immediately diluted, increasing the reactivity (OH) and the rate of NO X removal (by OH+NO 2 → HNO 3 ). Hence, coarse resolution simulations have less NO X (and more HNO 3 ). This faster decrease in NO X in coarse compared to fine simulations results in a faster change in sign in O 3 production, and in stronger O 3 net destruction rates (as seen in Fig. 5d and SI-1d) .
The overall similarity of the results also suggests that no further numerical benefits are to be obtained by modeling with even higher resolution. Previous studies (see, e.g., refs. 23, 24 ) have shown that the increase in spatial resolution from 36 km to 12 km provides a substantial improvement in the calculation of In this study, we show that the expected stratospheric ozone recovery by the end of the twenty-first century and the subsequent decrease in UV radiation will lead to 5-10% decreases in the surface photolysis rates of tropospheric ozone. As a consequence, our results show that the response of the surface ozone to the stratospheric recovery is somewhat contrasting between the regional background and some urban centers, which could not be discerned in earlier coarser resolution study by Zhang et al. 13 . While an overall increase in surface ozone by 0.5 to 1 ppb is expected due to its slower destruction on the regional scale, the opposite was found in and downwind of cities of the west coast where ozone concentrations could decrease by up to 1 ppb due to its slower photochemical production. However, the population-weighted ozone changes indicate that a relatively small net increase in exposure of~0.4 ppb is expected.
A majority of the population will be exposed to slightly higher levels of ozone, with~210 million people experiencing an increase in ozone in the 0.5-1.5 ppb range, while a relatively small fraction of the population (~10 million people) will benefit from a decrease in ozone concentrations by up to 1 ppb.
The recovery of stratospheric ozone may change ground-level ozone by other processes, e.g., stratosphere-troposphere exchange of ozone, 25 that are not directly related to UV radiation. It should be noted that emissions of isoprene which is one of the ozone precursors depend on visible radiation, 26 but a direct dependence of isoprene emissions on UV radiation is not included in our model because it is not supported by the few relevant experimental studies. [27] [28] [29] Factors other than stratospheric ozone may also be responsible for changes in UV radiation, e.g., clouds and aerosols. Therefore, our results are not projections, but rather The net UV-induced changes found for the contiguous United States are relatively small, even on the regional scale where O 3 is already a well-known stressor of agriculture 30 and further increases in its regional background would seem undesirable. Given that both the sign and the magnitude of surface O 3 change are sensitive to the physical and chemical environment, it may be interesting to contrast the US situation to other regions that have substantially different chemical environments (especially with respect to NO x levels), such as East Asia or Europe.
METHODS
The simulations were performed using the WRF-Chem (version 3.6.1) at 12 km horizontal grid resolution over CONUS for the summer time period of June to August 2010. Meteorological initial and boundary conditions were obtained from the National Centers for Environmental Prediction (NCEP) analysis. The chosen WRF physical parameterizations include the RRTMG long-wave radiation, 31 Mellor-Yamada-Janjic boundary layer, 32 Noah land surface model, 33 the Morrison et al. 34 double-moment microphysics scheme, and the Grell and Freitas 35 cumulus parameterization.
The chemistry setup uses a similar configuration to that of the Air Quality Model Evaluation International Initiative model intercomparison (AQMEII) project, 36 which includes: (i) the MOZART gas-phase mechanism and the MOSAIC aerosol module as described by Knote et al. 16 , (ii) initial and boundary conditions based on the IFS-MOZART global chemistry model, and (iii) anthropogenic emissions of trace gases and aerosols as provided by the phase 2 of the AQMEII project and based on the modified 2008 National Emission Inventory (NEI). Specific for this study, we used biogenic emissions from the online MEGANv2.04 model 26 with isoprene emissions over the southeast United States reduced by 25% as suggested recently by Canty et al. 37 . Photolysis rates were calculated online using the recently updated photolysis calculations in WRF-Chem based on the Tropospheric Ultraviolet Visible (TUV) model calculations as used by Ryu et al. 38 . Effects of clouds on photolysis rates were included. To isolate the potential impact of stratospheric ozone recovery on photolysis rates from other effects such as changes in aerosol formation, aerosol effects on photolysis rates were not considered in this study.
Two sets of WRF-Chem model simulations were performed at 12 km grid resolution to quantify the effect of the stratospheric ozone recovery on the surface ozone concentrations and population exposure. The first set of simulations was performed using the present time stratospheric ozone, while the second set was performed using the future stratospheric ozone levels. Additional simulations were performed at a coarser horizontal resolution of 36 km for both present and recovered stratospheric ozone levels to test the sensitivity of the results to model resolution.
The control simulation has been compared with the U.S. Environmental Protection Agency (EPA) ground measurements for urban and rural sites for the summer of 2010 as shown in Fig. SI-3 , and the results suggest that the model captures relatively well the distribution of the ozone daily maxima, with the tendency to overestimate the high ozone values as already reported in earlier studies. 38, 39 
DATA AVAILABILITY
All model output data can be obtained from the authors upon request to alma@ucar. edu. Fig. 6 a Frequency distribution of the afternoon (20-24 UTC) surface ozone concentrations (ppb) in the control run (solid bars), and changes in the distribution due to stratospheric ozone recovery (hatched bars) over the summer of 2010. b The number of affected people exposed to a given change in surface ozone
